Abstract Compared with isometric and dynamic velocity-constrained (isokinetic) tasks, less is known regarding velocity-dependent (isotonic) muscle power and recovery in older adults following repeated fatiguing lengthening contractions. We investigated voluntary and evoked neuromuscular properties of the dorsiflexors in nine old (68.3±6.1 years) and nine young women (25.1±1.3 years) during and following 150 lengthening contractions for up to 30 min of recovery. At baseline, the old were~21% weaker for maximum isometric voluntary contraction (MVC) torque (P <0.05),~21% slower for peak loaded shortening velocity (P<0.05), and~39% less powerful compared with the young (P<0.05). Following the task, MVC torque was depressed equally (~28%) for both groups (P<0.05), but power was reduced~19% in the old and only~8% in the young (P<0.05). Both measures remained depressed during the 30-min recovery period. Peak twitch torque (P t ) was~50% lower in the old at task termination, whereas the young were unchanged. However, by 5 min of recovery, P t was reduced similarly (~50%) in both groups, and neither recovered by 30 min. The old were affected more by low-frequency torque depression than the young, as shown by the~40% and 20% decreases in the stimulated 10:50 Hz ratio at task termination respectively, whereas both groups were affected similarly (~50%) 5 min into recovery, and neither recovered by 30 min. Thus, the coexistence of fatigue and muscle damage induced by the repetitive lengthening contractions impaired excitation-contraction coupling and cross-bridge function to a greater extent in the old, leading to a more pronounced initial loss of power than the young for up to 10 min following the exercise However, power remained blunted in both groups during the 30-min recovery period. These results indicate that older women are more susceptible to power loss than young following lengthening contractions, likely owing to a greater impairment in calcium kinetics.
Introduction
Much research on age-related muscle fatigue has focused primarily on isometric and shortening contractions. Far less is known in older adults regarding neuromuscular function and short-term recovery following repeated high-intensity lengthening contractions which can provoke long-lasting impairments in neuromuscular performance (Byrne et al. 2004; Power et al. 2010) . Furthermore, we are interested in the velocity component (i.e., voluntary maximal shortening velocity) of power following lengthening contractions. This contraction mode in which the load is fixed and the velocity of movement is unconstrained allows alterations in shortening velocity to be elucidated, which, in older adults, already is impaired and is a strong indicator of age-related fatigability Petrella et al. 2005) .
By the eighth decade of life, the senescent adult has undergone alterations to both the structure and function of the neuromuscular system that lead to impaired muscle performance (Christou and Enoka 2011; Narici et al. 2003; Vandervoort 2002) . These include muscle atrophy (preferentially type II muscle fibers) and the death and remodeling of motor units (MUs), resulting in a greater relative composition of slow-type muscle fibers (Vandervoort 2002) and architectural changes to the muscle and musculotendinous unit (Narici et al. 2003) . Additionally, neural changes can include greater antagonist co-activation (Klein et al. 2001 ) and lower maximal MU discharge rates (Connelly et al. 1999 ). The combined consequence of these are a slowing of intrinsic muscle contractile properties (Vandervoort and McComas 1986) , lower rates of torque development, and reduced cross-bridge kinetics (Aagaard et al. 2010) . Hence, older adults exhibit impairments in maximal voluntary shortening velocity, torque production, and especially muscle power ). Despite these negative implications, there is a relative preservation of eccentric strength (Hortobagyi et al. 1995; Porter et al. 1997; Vandervoort et al. 1992) . Although older adults can experience similar (Clarkson and Dedrick 1988) , less (Lavender and Nosaka 2006) , or more (Faulkner et al. 2007 ) muscle damage than young adults, it is unknown whether maintained eccentric strength is advantageous for effective neuromuscular performance during and following a bout of repeated lengthening contractions.
It seems well established that older adults are more fatigue-resistant than young adults during isometric tasks (Kent-Braun 2009 ), yet the fatigue response during and following dynamic shortening contractions is equivocal and depends upon the task. Older adults can experience less (Lanza et al. 2004; Rawson 2010) , similar (Callahan et al. 2009; Laforest et al. 1990 ), or more Petrella et al. 2005 ) fatigue than young. However, tasks which are performed with a fast unconstrained velocity component (i.e., velocitydependent) always yield a greater fatigue response in older adults than young Petrella et al. 2005 ). The only study investigating age-related fatigability following lengthening contractions reported that the reduction in maximum voluntary isometric contraction (MVC) torque did not differ between old and young adults during or following repeated isokinetic (60°/s) lengthening contractions. However, isokinetic torque loss during the lengthening contractions was greater in older adults than the young. Power was not assessed following that protocol, and thus, it is unknown whether repetitive lengthening contractions affect concentric power differently in old and young adults and which component of power (torque or shortening velocity) is more compromised.
Voluntary shortening velocity recovers rapidly (<5 min) in young adults after isometric and concentric fatigue tasks Rice 2005, 2010) . However, lengthening contractions result in muscle damage which can take multiple days to recover (Clarkson and Hubal 2002; Proske and Allen 2005) . It is unclear how damage may affect velocitydependent power during short-term recovery (up to 30 min) in older adults. Impaired torque production following lengthening contractions can be attributed to a mechanical disruption of the sarcoplasmic reticulum, impairing calcium release (Ingalls et al. 1998; Warren et al. 2001) , and the redistribution of sarcomere lengths , resulting in a length-tension relationship shift to longer muscle lengths of optimal torque production. As well, dynamic performance is impaired (Byrne et al. 2004; Sargeant and Dolan 1987) , although the mechanisms are not entirely understood. Recently, we reported that MVC torque and velocity-dependent power did not recover fully up to 30 min following 150 lengthening contractions in young men and women. Because excitationcontraction (E-C) coupling is compromised in older adults (Payne and Delbono 2004) and maximal shortening velocity is slower Petrella et al. 2005 ) compared with young adults, the old may be energetically disadvantaged during this task. Thus, older adults may experience a greater perturbation in ATP homeostasis, consequently exacerbating their fatigue response, resulting in a greater reduction in velocitydependent power than young.
Therefore, the purpose was to investigate the effect of repeated high-intensity lengthening contractions on neuromuscular function in old and young women with a particular emphasis on the short-term recovery of velocity-dependent power. As a result of equivalent muscle damage, MVC torque will be reduced similarly in both old and young women and remain blunted throughout a 30-min recovery period. However, when tested under dynamic conditions, we hypothesize that the older women will have a larger reduction in velocitydependent power than the young owing to a greater impairment in shortening velocity and impairments in E-C coupling, which are known to be compromised in older adults and may not be observable during isometric testing. As a result of muscle damage, neither group will recover by 30 min.
Materials and methods

Participants
Nine old (68.3±6.1 years) and nine young women (25.1±1.3 years) from the university population and local community groups, who were free from musculoskeletal disorders, volunteered for this study. All participants were recreationally active. The mean height and mass of the old and young women were 162.0±7.3 cm and 67.7±8.5 kg, and 167.1±7.0 cm and 63.7±10.4 kg, respectively. All participants were asked to refrain from strenuous exercise 1 day prior to testing and to not consume caffeine on the testing day. This study was approved by the local University's Review Board for Health Sciences Research Involving Human Subjects and conformed to the Declaration of Helsinki. Informed oral and written consent was obtained from all participants prior to testing.
Experimental arrangement
All testing was conducted on a Biodex multi-joint dynamometer (System 3, Biodex Medical Systems, Shirley, New York). For a detailed explanation and experimental timeline of the testing setup and procedures, please refer to Power et al. (2010) . The right foot was strapped tightly to the Biodex ankle attachment footplate, aligning the lateral malleolus with the rotational axis of the dynamometer. Extraneous movements were minimized using non-elastic shoulder, waist, and thigh straps. Participants sat in a slightly reclined position with the hip, knee, and ankle angles set at~110°,~140°, and~30°plantar flexion, respectively. All voluntary and evoked isometric dorsiflexion contractions were performed at an ankle joint angle of 30°of plantar flexion. Shortening contractions began from the plantar flexed position of 30°and ended at the neutral ankle angle (0°). The lengthening contractions commenced at the neutral ankle angle (0°) and ended at 30°plantar flexion; thus, both dynamic actions moved through a 30°r ange of motion. All dynamic contractions were performed using the isotonic mode of the Biodex. However, due to inherent mechanical limitations of the dynamometer (unable to maintain an exact constant external load throughout an entire range of motion), these contractions are neither purely isotonic nor iso-inertial as the load is fixed (mechanically) and not influenced by gravity but rather the braking of the dynamometer. And therefore, we refer to these contractions as "velocity-dependent." A velocitydependent movement is characterized by a participant producing a dynamic contraction as fast as possible in which the angular velocity is unconstrained while the load or resistance is fixed at a predetermined value (i.e., 20% MVC).
Surface electromyography (EMG) was collected from the tibialis anterior and soleus muscles using selfadhering Ag-AgCl electrodes (1.5×1 cm; Kendall, Mansfield, MA). The skin was cleaned forcefully with an alcohol swab prior to the application of the electrodes. A monopolar electrode configuration was used with the active electrode positioned on the proximal portion of the tibialis anterior over the innervation zone (~7 cm distal to the tibial tuberosity and~2 cm lateral to the tibial anterior border) and a reference electrode placed over the distal tendinous portion of the tibialis anterior at the malleoli. The active electrode for the soleus was positioned~2 cm distal to the lower border of the medial head of the gastrocnemius and a reference placed over the calcaneal tendon.
Stimulated contractions of the dorsiflexors were evoked electrically using a bar electrode held distal to the fibular head over the deep branch of the common peroneal nerve. A computer-triggered stimulator (model DS7AH, Digitimer, Welwyn Garden City, Hertfordshire, UK) set at 400 V provided the electrical stimulation using a pulse width of 50-100 μs.
Experimental procedures
Peak twitch torque (P t ) was determined by increasing the current until a plateau in dorsiflexor P t , and tibialis anterior M-wave amplitude were reached, and then the current was further increased by 10-15% to ensure the activation of all motoneurons via supramaximal stimulation. This stimulation intensity was used for the evoked doublet (P d , two pulses at a 10-ms interpulse interval) and to assess voluntary activation. Next, a 1-s train at 50 Hz was delivered to assess peak tetanic torque by increasing the current until there was a plateau in the evoked torque. The tetanic evoked contractions were tolerated by all young women and four of the older women.
Three isometric MVCs were then performed, each of 3-to 5-s duration. Three minutes of rest was given between all contractions. To ensure that MVC attempts were maximal, participants were provided visual feedback of the torque tracing on a computer monitor and exhorted verbally during all voluntary efforts; voluntary activation was assessed using the modified interpolated twitch technique (Gandevia 2001) . The amplitude of the interpolated torque evoked during the peak plateau of the MVC was compared with a resting P d , evoked~1 s following the MVC when the muscles were relaxed fully. Percent voluntary activation was calculated as voluntary activation (
Values from the MVC with the highest peak torque were used for data analysis. Next, 10 and 50 pulses were delivered over a 1-s period to determine a 10-to 50-Hz relationship in all nine young and four old participants using the current required to evoke peak 50-Hz torque.
Once MVC torque was determined, the dynamometer was switched from the isometric to isotonic mode and a load equal to 20% MVC was programmed to allow for the determination of maximal shortening velocity with this load and velocity-dependent power. The 20% MVC resistance was chosen because it represents a moderate load for the fast shortening contractions, and one that all subjects could perform through the entire range of motion even after a bout of repeated high-intensity lengthening contractions. Before the footplate moved during the velocity-dependent shortening contractions, participants had to overcome the pre-programmed resistance. The dynamometer absorbs this increase in applied torque, resulting in a directly proportional increase in angular velocity. This is a helpful feature to explore the effect of damaging lengthening contractions on alterations in the velocity of unconstrained movement and power. The dynamometer was programmed to allow the footplate to return to 30°of plantar flexion at the end of each shortening voluntary contraction while the participant relaxed fully. Familiarization with these "fast" shortening contractions involved participants performing several (typically five) velocity-dependent shortening contractions until a stable value was obtained (no change in maximal shortening velocity). To ensure a maximal effort (peak velocity) contraction, all participants were instructed to move the load "as hard and as fast as possible throughout the entire range of motion." To assist participants in reaching their maximal shortening velocity, visual feedback of the velocity profile was provided via a computer monitor, and a horizontal cursor was positioned at the previous plateau in peak velocity. Participants rested for 3 min and then performed two consecutive contractions which were used to establish baseline values for maximum shortening velocity and peak power.
Fatigue and recovery protocol
With a load of 80% MVC, participants performed five sets of 30 eccentric dorsiflexion contractions, with each set separated by 30 s of rest. Participants were provided visual feedback of the torque and instructed to resist the lowering of the footplate through the 30°r ange of motion over a 1-s period. After the lengthening contraction, the foot was returned to the neutral ankle starting position by the investigator over a 2-s (15°/s) period while the participant relaxed fully. The participant was then instructed to resist the lowering of the footplate immediately again until the protocol was complete. The voluntary and electrically evoked responses of the dorsiflexors were recorded at baseline, during the fatigue protocol immediately following each of the five sets, and during recovery at 0.5, 2, 5, 10, 15, 20, and 30 min after task termination. Measures following the fatigue protocol included and were performed in the following order: (1) maximum evoked twitch properties, (2) assessment of MVC and voluntary activation, (3) postactivation twitch and twitch doublet, (4) measure of low-frequency torque depression (10:50 Hz ratio), and (5) velocity-dependent shortening power.
Data reduction and analysis
Torque, position, and velocity data were sampled at a rate of 100 Hz. All data were converted to digital format using a 12-bit analog-to-digital converter (model 1401 Plus, Cambridge Electronic Design, Cambridge, UK). Surface EMG signals were preamplified (×100), amplified (×2) and band-pass filtered (10-1,000 Hz), and sampled online at 2,500 Hz using Spike 2 software (version 6.10, Cambridge Electronic Design Ltd.). Surface EMG from the MVC was expressed as root mean squared (RMS) and values were obtained from a 1-s time period about the peak torque. All subsequent MVC RMS values were normalized to the level obtained during baseline. Peak RMS values of the raw surface EMG during the fast shortening contractions was calculated through the 30°range of motion from the onset of movement to the end of the range of motion and then normalized to the fastest baseline contraction. Power was calculated as the product of torque (newton meter) and the peak shortening velocity (radian per second) of the faster of two contraction attempts. Post-activation potentiation was determined by calculating the ratio between the amplitude of the peak twitch torque recorded before and following the isometric MVC. Spike 2 software was used off-line to determine M-wave amplitude, area, duration, the peak twitch torque (P t ), peak doublet torque (P d ), doublet time to peak twitch ( D TPT), half-relaxation time ( D HRT) of the doublet, and doublet rate of torque development ( D MRTD). Low-frequency torque depression was calculated using a ratio of peak 10 Hz to peak 50 Hz evoked torques (10:50 Hz).
Statistical analysis
Using SPSS software (version 16, SPSS Inc. Chicago, IL) a two-way (age × time) repeated measures analysis of variance was performed to assess all neuromuscular data. Because voluntary activation values are not normally distributed, a Mann-Whitney U test was employed and an unpaired t test was used for subject characteristics and baseline measures to assess group differences. The level of significance was set at P< 0.05. When a significant main effect or interaction was present, post hoc analysis using unpaired t tests was performed with a Bonferroni correction factor to determine where significant differences existed. Effect sizes (ES) were calculated using the partial eta-squared method to explore the magnitude of apparent statistical effects. Due to the small sample size of old women for low-frequency fatigue (LFF, n=4), unpaired t tests were performed for this parameter. The table is presented as means ± SD and figures as means ± SE values, normalized to baseline (pretest).
Results
Baseline measures
As shown in Table 1 , the old women as compared with the young women were~21% weaker for MVC torque (P=0.021, ES=0.292) despite similar high voluntary activation (~95%, P=0.682, ES=0.012). Peak loaded shortening velocity (Fig. 1) was~21% slower for the old women than the young (P<0.001, ES=0.522), which led to power (calculated as the product of peak loaded shortening velocity at 20% MVC) being~39% less in the old compared with the young women (P=0.006, ES=0.383). Both groups had a similar P d (P=0.685, ES=0.011), while D TPT was~16% slower (P=0.023, ES=0.284) and D HRT was~33% longer in old compared with young, respectively (P=0.012, ES=0.337). Despite similar P t (P=0.735, ES=0.007) for the old (3.9±1.6 N m) and young (4.0±0.9 N m) women, the older adults had a reduced capacity for potentiation (105.8±6.0%) compared with the young (124.6±17.2%) (P=0.023, ES=0.339).
Fatigue and recovery measures
All participants were capable of completing all contractions, although as reported previously using this contraction mode some subjects had difficulty lowering the footplate at a steady pace for the last few contractions of each set ). This failure to maintain a constant velocity resulted in increased eccentric velocities which ranged from 36°t o 42°/s. Despite the variation in velocity, the duty cycles were similar (P=0.295, ES=0.680) between old and young women, 0.33±0.07. For the velocitydependent shortening contractions, all participants were capable of completing the 30°range of motion during baseline measures and following the lengthening contraction task. Neuromuscular fatigue measures were analyzed with regard to relative changes over time. For maximum loaded shortening velocity and subsequently peak power (Fig. 2) , there were main effects for time (P<0.001, ES=0.681) and age (P= 0.007, ES=0.396) and an interaction (P=0.004, ES= 0.244). Thus, at task termination, the old women had a greater loss of power (~19%) than the young (~8%). This difference persisted until 10 min of recovery and did not recover by 30 min post-intervention.
For dorsiflexor MVC torque, there was only a significant effect for time (P<0.001, ES=0.696). Isometric MVC torque decreased similarly in the old and young by~19% following the first set of 30 eccentric contractions, and following each successive set, it continued to decrease until it was reduced bỹ 28% immediately following task termination. By the end of the 30-min recovery period, the MVC regained 9%, but was still significantly less than baseline (Fig. 3) . Voluntary activation was maintained >95% at baseline and did not change (P=0.910, ES=0.022) throughout fatigue and recovery. The incomplete recovery of MVC by 30 min post-intervention suggests that similar muscle damage had occurred in young and old women.
Low-frequency torque depression (10:50 Hz) presented a significant effect for time (P<0.001, ES= 0.960) and age (P=0.032, ES=0.225). Over time, the alterations in the 10:50 Hz ratio were manifested by the greater reduction in 10-Hz evoked torque compared with the 50 Hz. This indicated that there was significant low-frequency torque depression following the lengthening contractions for both groups. Lowfrequency torque depression persisted in both groups throughout the 30-min recovery period. However, at task termination, the 10:50 Hz ratio was reduced by 40% in the four old, but only 20% in the young, suggesting that there was an initial greater impairment in E-C coupling in the old women. This age-related difference was present up to 10 min in the recovery period (Fig. 4) , at which time both groups were reduced by 50% and did not change during the final 20 min of the recovery period.
There were main effects for time (P<0.001, ES= 0.646) and age (P=0.005, ES=0.437) and an interac- tion (P<0.001, ES=0.409) for P t (Fig. 5) . Twitch torque decreased by~21% in the old women following the first set of 30 lengthening contractions, while the young women had a potentiation of P t , which increased to~130% of baseline following set 1. At task termination, the values for the old women were reduced by 50%, whereas P t for the young women was not different from baseline values. Once the potentiating effects of the fatigue protocol were mitigated in the young, both groups were reduced similarly (~50%) 5 min into recovery. For the P d torque, there was only a significant effect for time (P<0.001, ES=0.648). P d continued to decrease (Fig. 5 ) during the lengthening contractions and remained blunted in both groups by~40% throughout the 30-min recovery period. For doublet twitch contractile speeds, there were only main effects for time for D TPT (P<0.001, ES=0.544) and D HRT (P< 0.001, ES=0.475), meaning doublet twitch contractile properties slowed similarly in both groups by~15-20%. However, there was a main effect of time (P< 0.001, ES=0.356) and age (P=0.003, ES=0.429) and an interaction (P=0.05, ES=0.118) for the D MRTD, which was reduced~15% greater in old women than young women at task termination but was no longer significantly different between groups 30 s later. Tibialis anterior M-wave properties, including peak-to-peak amplitude, duration, and area, showed a main effect for time (P=0.004, ES=0.190), meaning M-wave properties were reduced similarly in both old and young women by~10-15% until task termination and returned to baseline value by the end of the 30-min recovery period. For both the old and young women, there were no significant changes from baseline for RMS EMG (P=0.064, ES=0.151) of the agonist tibialis anterior during MVCs throughout the protocol. As well, RMS EMG of the soleus muscle did not differ for time or age from baseline (P=0.222, ES=0.0125). During the velocity-dependent shortening contractions, RMS EMG of the agonist tibialis anterior or antagonist soleus showed no effect for time (P=0.135, ES=0.125) or age (P=0.426, ES= 0.070), meaning there was no difference in "neural drive" from baseline contractions.
Discussion
This investigation tested the hypothesis that neuromuscular function of the dorsiflexors following repeated lengthening contractions would be impaired more in the old women than young. Specifically, velocity-dependent power would be reduced more in the old than young and would remain depressed throughout the 30-min period of recovery following task termination. Indeed, peak power was reduced by 19% for the older women after the lengthening contractions, whereas the young women only incurred an 8% decrement at task termination; for both groups, full recovery had not been achieved by 30 min after task termination. In contrast, isometric MVC torque was reduced similarly (28%) in both the old and young and did not recover fully during this time period. Despite similar muscle damage as indicated by incomplete recovery of MVC torque by 30 min (Warren et al. 1999) , these findings suggest that old women have greater decrements in velocitydependent power than their younger counterparts following repeated lengthening contractions. Therefore, the greater power loss in the old than young women is driven more by fatigue mechanisms influencing impairments in whole muscle loaded shortening velocity following lengthening contractions than those affecting torque generation per se.
Baseline
The old women in this study were weaker and slower (Table 1) for whole muscle shortening velocity, leading to a greater reduction in power when compared with young women. The 39% reduction in velocitydependent power compared with the young is greater than that reported previously for velocity-dependent contractions of the dorsiflexors (25%) of old men ) and similar to the plantar flexors (38%) of old men ) and elbow flexors (41%; Valour et al. 2003) and knee extensors (45%; Petrella et al. 2005 ) of old women. As well, older women rely more on the velocity component of power than torque production when compared with old men and younger adults (Valour et al. 2003) . Valour et al. (2003) reported that when peak muscle power was compared among various loads (i.e., % MVC), older women reached peak power at a lower percentage of MVC torque than older men and women. In the current study, we used a relative load of 20% MVC which relies strongly on the velocity component of power . Factors discussed below that impair whole muscle shortening velocity in older women may greatly impair their ability to generate power more so than older men and younger men and women.
Lengthening contraction intervention
In the current study, following 150 high-intensity lengthening contractions, the old women incurred (up to 10 min) a greater loss of velocity-dependent power (19%) than the young (8%) following task termination, while both the old and young women experienced similar reductions in isometric MVC torque at task termination (28%). This is similar to findings from isovelocity fatigue studies in which older adults incur a greater decline in eccentric isokinetic torque than young while still maintaining isometric strength ). Interestingly, the reduction in MVC torque at 30-min recovery (~19%) is similar to the reduction following the first 30 lengthening contractions (Fig. 3) , suggesting that the primary insult of muscle damage occurred during the first set of contractions and the further decrease in MVC torque to task termination can be attributed to fatigue processes (Choi and Widrick 2009; . Despite similar reductions in isometric MVC torque following the lengthening contractions, low-frequency torque depression was greater in the old than the young women (~25% difference) following the second set of lengthening contractions and for up to 5 min into recovery; neither recovered during the 30-min period of recovery .
The development of fatigue can manifest through central or peripheral mechanisms (Allen et al. 2008; Gandevia 2001) , or both. In the current study, voluntary activation and RMS EMG amplitude of the tibialis anterior during the isometric MVCs was not reduced from baseline and did not differ between age groups. In accord with previous investigations utilizing velocity-dependent contractions, RMS EMG amplitude of the agonist tibialis anterior during velocitydependent shortening contractions did not differ throughout the study or between young and old. Hence, the main site of fatigue is likely peripheral in nature. Voluntary activation failure can account for torque loss following muscle damage in other limb muscles (Prasartwuth et al. 2005) ; however, maintained voluntary activation to the tibialis anterior is a common finding following lengthening contractions Pasquet et al. 2000; . Furthermore, in the present study, M-wave parameters (i.e., p-p amplitude, area, duration) were reduced similarly in old and young, indicating that muscle damage may have disturbed sarcolemmal excitability in both age groups equally. However, findings are equivocal; some studies show a decrease in M-wave properties (Hedayatpour et al. 2009 ) while others using similar lengthening contraction protocols do not (Pasquet et al. 2000; Power et al. 2010) . The reason for this disparity among studies is unclear, but it may be related to rest intervals between contractions or because of different aged populations tested.
Fatigue and muscle damage
Although lengthening contractions are less energetically demanding than isometric and dynamic shortening contractions (Abbott et al. 1952; Ryschon et al. 1997) , they are known to induce muscle fatigue in addition to muscle damage Choi and Widrick 2009; Pasquet et al. 2000) . A commonly accepted indirect measure of muscle damage is the reduction and incomplete recovery of isometric MVC torque (Armstrong et al. 1991; Clarkson and Hubal 2002; Warren et al. 1999) . The concomitant existence of fatigue and damage may account for the greater initial decline in MVC torque than either factor alone; however, because MVC torque did not recover fully, this observation may represent muscle weakness (Gandevia 2001) and suggest that muscle damage occurred. The long-term deficits in force production may be due to damageinduced impairments in E-C coupling (Ingalls et al. 1998; Warren et al. 2001) . In the present study, it seems that the old had an initial greater perturbation in E-C coupling, as shown by the reduced twitch torque and greater low-frequency torque depression compared with the young (Figs. 4 and 5) . As well, following lengthening contractions, a shift to longer muscle lengths for optimal torque production represents an increase in series compliance of the muscle (Gregory et al. 2007; Widrick and Barker 2006) . The presence of overstretched, disrupted sarcomeres in series with still functional sarcomeres results in an immediate shift in optimum length and is considered to be a reliable indicator of muscle damage as it relates to the number of overstretched sarcomeres (Brockett et al. 2002; Chen et al. 2007 ). An immediate shift in muscle length for optimal torque production following 120 lengthening contractions has been previously observed in the ankle dorsiflexors (Lee et al. 2010 ). With our study design utilizing a velocity-dependent contraction task, we were not able to record optimal muscle torque-length; however, based on the same muscle tested and a similar protocol of repeated lengthening contractions, we would expect a similar shift to longer muscle lengths in the optimal muscle length-tension relationship as is known to be induced by muscle damage.
The mechanisms responsible for force loss that occurs following muscle damage have been reviewed extensively (Allen 2001; Clarkson et al. 1992) , whereas the processes responsible for impairments in shortening velocity have received little attention (Choi and Widrick 2009; Widrick and Barker 2006) . Data from our study highlight that the effects of fatigue on loaded shortening velocity are independent of muscle damage and that the coexistence of fatigue and damage is evident by the time course of the transient effects of fatigue and longlasting effects of damage. Hence, the combined effects of fatigue and muscle damage more greatly affect the production of shortening velocity and subsequently power than either variable alone following this task. Indeed, voluntary maximal shortening velocity is known to recover rapidly (<5 min) in young adults after isometric and concentric fatigue tasks Rice 2005, 2010) . Interestingly, following repeated lengthening contractions, the velocity component of power does not recover fully Widrick and Barker 2006) . In a recent study of young men and women, following repeated lengthening contractions, power remained blunted for up to 30 min following task termination . Therefore, muscle damage appears to limit power production (Byrne et al. 2001; Power et al. 2010 ) following lengthening contractions 30 min into recovery.
Both the old and young women possibly incurred a similar amount of muscle damage (i.e., prolonged reduction in isometric MVC), yet the old were more fatigable than the young, as indicated by the greater power loss up to 10 min into the recovery period. Once the transient effects of fatigue were recovered, both groups had a similar reduced power, and for this reason, we can argue that both groups experienced similar impairments in muscle function owing to muscle damage. However, the old women incurred more fatigue than the young women, which can account for the greater power loss immediately following the lengthening contractions. The loss of power in the old women in the current study following 150 lengthening contractions is less than that observed in studies using protocols of shortening contractions Dalton et al. 2010; . For example, in older men, found a 20% loss of power for the dorsiflexors following 25 fast shortening contractions, and Dalton et al. (2010) found a 26% reduction following 50 fast shortening plantar flexion contractions. The greater mechanochemical efficiency for lengthening compared with isometric and shortening contractions result in less perturbation of intracellular high-energy phosphate (P i ) energetics (Choi and Widrick 2009; Ryschon et al. 1997) . Thus, despite the greater number of contractions in this study than the others, the disparate results can be explained by the task-dependent nature of fatigue (Enoka and Duchateau 2008) .
Young vs. old metabolic (dis)advantage
It is well known that older adults are more fatigueresistant than young when performing isometric tasks, owing to their slower contracting muscle and lower MU discharge rates required to reach fused tetanus as indicated by a shift to the left in the force-frequency relationship (Allman and Rice 2004) . That is to say that under isometric conditions, the lower glycolytic flux in old compared with young is less energetically costly (lower ATP required) with a greater energy turnover through oxidative processes (Lanza et al. 2007) , resulting in less metabolic acidosis and accumulation of inorganic phosphates, thus mitigating the reduction in isometric MVC torque (Kent-Braun 2009). However, when "stressed" with repeated dynamic shortening contractions, this apparent fatigue resistance in older adults is abolished, and in some situations, older adults are more fatigable than young (Callahan et al. 2009 ). This is found exclusively during tasks which allow velocity to be unconstrained (i.e., velocity-dependent; Dalton et al. 2010; Petrella et al. 2005) . Furthermore, it appears based on the greater power loss incurred by the old women in this study we now show that older adults may be "energetically" disadvantaged following repeated lengthening contractions, thus further exacerbating fatigue mechanisms related to whole muscle shortening velocity and the subsequent generation of power. The greater accumulation of muscle metabolites during the lengthening contraction protocol in older women impairs E-C coupling and may limit cross-bridge function while performing a subsequent fast shortening contraction.
A greater initial impairment in E-C coupling is supported further by the reduced 10:50 Hz ratio in the four old women tested and, coupled with an impaired capacity for potentiation, may have disadvantaged the older adults for the performance of subsequent "fast" velocity-dependent contractions (Fig. 2) compared with the young. In contrast, the young had a greater twitch potentiation and were less influenced by LFF in the first 5 min into recovery (Figs. 4 and 5) . Post-activation potentiation, due to myosin light-chain phosphorylation, can compensate for impaired E-C coupling by increasing myofibrillar calcium sensitivity in spite of the presence of LFF (Green and Jones 1989; Rassier and Macintosh 2000) . In our current study, this suggests that the young had less of a reduction in myofibrillar calcium sensitivity (Grange and Houston 1991) compared with old, meaning they were less adversely affected by cellular mechanisms of fatigue. This could include increased H + and P i , which directly reduce force output, and can result in a decline in the number and/or force per unit of the strongly bound cross bridges (Fitts 2008) as well as impaired ADP dissociation from the myosin head (Fitts 2008) , limiting peak shortening velocity. Following lengthening contractions, a failure of the dihydropyridine receptors to stimulate sarcoplasmic reticulum Ca 2+ release (Ingalls et al. 1998 ) and reduced myofibrillar Ca 2+ sensitivity together with minimal potentiation capability might have heightened the effects of the "potentially greater" metabolite accumulation in older adults effect on the impaired generation of velocity-dependent power (Fitts 2008; Westerblad et al. 1998; Westerblad and Lannergren 1994) . Whereas velocity-dependent power in both the old and young women reached a similar value by 10 min into recovery, the greater potentiation in young may have helped offset the initial perturbations in E-C coupling, thus mitigating the reduction in shortening velocity and power at task termination. The greater power loss in older women is likely a result of greater LFF and E-C coupling failure in the muscles of older compared with young women, as this is also supported by our observation of a greater reduction in doublet twitch rate of torque development in the old women than the young at task termination.
In summary, the damaging lengthening contractions impaired shortening velocity and thus power in both the old and young women, with a greater reduction in the old for up to 10 min into recovery, at which time subsequently both remained blunted for the duration of the 30-min recovery period. The observations were not related to neural drive changes but to peripheral alterations primarily affecting E-C coupling. The mechanisms responsible for the reduction in shortening velocity following muscle damage may include decreases in the number of functioning sarcomeres in series, Ca 2+ kinetics, and myofibular Ca 2+ sensitivity. The greater fatigue in older women can be attributed to their blunted potentiation, a factor in the young which may have helped offset initial fatigue-induced impairments in shortening velocity. Furthermore, our findings highlight the value of investigating changes in the velocity component of power (i.e., shortening velocity) following perturbations to the neuromuscular system.
